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Ceramics and glass-ceramics are materials of choice for dental crowns due to their attractive hardness, biocompatibility, etc. However, a major
problem with their usage is the observed high wear of either the opposing dental enamel or both the enamel and ceramic itself. Although these
issues have been known for some time, the responsible wear mechanism(s) are not clearly identiﬁed. Accordingly, an in vitro investigation was
undertaken to identify the mechanism(s) responsible for the wear of a popular leucite glass-ceramic (LGC) dental prosthesis material when
opposing both itself and human dental enamel.
Reciprocating sliding wear tests were carried out with LGC or enamel cusp sliding on LGC ﬂat-surface samples with varying surface
roughness. The wear loss was quantiﬁed using proﬁlometry and the wear scar surface and subsurface were analysed using electron microscopy
techniques to reveal the underlying wear mechanism.
The present results revealed that the dominant wear mechanism for LGC, when opposed by LGC or enamel, was micro-abrasion due to lateral
crack formation/extension. Leucite crystals in the ceramic's microstructure appear to act as hard asperities and their loading/unloading during
sliding contact caused the formation and extension of lateral cracks and, consequently, wear of the LGC dental material. For human enamel, the
dominant wear mechanism was delamination.
& 2015 Southwest Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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A wide range of synthetic materials for dental prostheses is
currently available, with varying performance with regard to
factors such as corrosion behaviour, mechanical/tribological
properties (particularly, strength and wear resistance), cost,
availability, biocompatibility and esthetics [1]. Ceramics, in
addition to their high hardness and esthetic potential, are rated
more biocompatible than other restorative materials. Because
of ceramics' superior wear properties and biocompatibility,
they are the material of choice for dental crowns [2].
Due to continuing improvements and development since
the ﬁrst application of ceramics in dentistry in 1774, a wide
range of ceramic materials is currently available with large/10.1016/j.bsbt.2015.02.004
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Silicate-based ceramics are characterized by an amorphous
glassy matrix with varying volume fractions and types of oxide
additives and crystallites. Strictly oxide ceramics, however,
display almost all-crystalline microstructure of oxides, such as
alumina and zirconia, with negligible glass-phase content [3].
The aforementioned advantages of ceramics, together with their
durable chemical and wear properties, and etchability (ability to be
bonded), are the primary reasons for their choice over other
materials. However, a major problem with their dental usage is the
observed high wear of either opposing dental enamel or both
enamel and ceramic itself [4–6]. Moreover, relatively soft ceramics
were reported to cause greater opposing enamel wear than harder
ceramics [5,7]. Although these issues have been known for some
time, the responsible wear mechanism(s) are unclear [6].
Accordingly, the present paper reports an in vitro investigation
aimed at identifying the mechanism(s) responsible for the wear
of a popular LGC dental prosthesis material (commerciallyvier B.V. This is an open access article under the CC BY-NC-ND license
Table 1
Types of LGC/enamel ﬂat surface specimens prepared for wear testing and measured Ra.
Flat surface group Grinding/polishing steps AFM surface roughness, Ra (nm)
FSG-1 Grinding with 1200 grade SiC paper 21.573.7
FSG-2 Grinding with 1200, 2500 grades SiC paper 8.973.3
FSG-3 Grinding with 1200, 2500, 4000 grades SiC paper 1.670.3
FSG-4 Grinding with 1200, 2500, 4000 grades SiC paper and polishing with 1 mm diamond suspension 3.470.2
Enamel Grinding with 1200, 2500, 4000 grades SiC paper and polishing with 1 mm diamond suspension 1.670.4
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An eight-year in vivo study [4] on the wear of this LGC material
has previously reported signiﬁcantly high wear of both LGC and
the opposing dental enamel.2. Materials and methods
2.1. Dental ceramic and enamel specimen preparation
The original LGC dental material samples were made by
Ivoclare Vivadent (Artarmon, NSW, Australia) using a lost wax
process which was identical to the one used in the fabrication of
dental crowns, etc. Two sample geometries suitable for in vitro
reciprocating wear testing were obtained: short cylindrical
samples (4 mm height and 12 mm diameter) as ﬂat surface
specimens and spherical samples (6 mm diameter) as cusp
specimens. During a wear test, a cusp slid on a ﬂat surface
specimen. The procedure used for obtaining the ﬁnal sample
geometries and contacting surfaces is given below.
In order to assist with the sample preparation (grinding/
polishing) and wear testing, the original samples were mounted
on perspex pins (one sample per pin) and ground/polished to
the required geometry and surface ﬁnish. This was achieved by
grinding (using 2500 grade SiC paper) one of the ﬂat surfaces
of cylindrical specimens (to improve ﬂatness) and a ﬂat surface
of 5 mm diameter on spherical specimens. These ground
surfaces were then used to glue the specimens on to perspex
pins using commercial superglue with 20–24 h allowed for
adequate curing to obtain a stronger bond.
The free ﬂat surface of each cylindrical specimen was then
ground using 1200, 2500, 4000 grades SiC paper and polished
with 1 μm diamond suspension as required to obtain specimens
with ﬂat surfaces having surface ﬁnishes as given in Table 1.
In order to prepare the cusp specimens for wear testing,
spherical specimens were ﬁrst ground to a conical shape. A tip
with a contact area of approximately 0.5 mm diameter with a
rounded edge was then carefully ground (with 2500 and 4000
grades SiC paper) and polished (with 1 μm diamond suspen-
sion). All grinding and polishing processes were carried out
under well-hydrated conditions.
Flat surface and cusp specimens of human dental enamel1
which were mounted on perspex pins were also prepared using1Ethics approval was granted by the UNSW Human Research Ethics
Committee for the collection and testing of human teeth for this study (HC-
11403).the above grinding/polishing procedure. A detailed account of
the procedures for collecting and sterilizing teeth, preparation
of enamel ﬂat surface specimens for the tests, equipment used,
etc. were given previously [8,9]. As the purpose of the present
study is to elucidate wear mechanisms, one molar tooth from a
female individual of 19 years of age was chosen for the present
study in order to minimize possible biological variations etc. A
brief description of the enamel ﬂat surface specimens is also
included in Table 1.2.2. Wear testing
It should be noted that, in the mouth during tooth-to-tooth
sliding contact, a cusp generally moves along an inclined
opposing cuspal surface [10]. Thus a given area of the
opposing surfaces will be in contact intermittently. However,
in the pin-on-plate reciprocating mode wear experiments to be
conducted in the present study, a cusp will be in continuous
contact while a given area of the ﬂat surface will be in
intermittent contact. In order to simulate the sliding conditions
that may occur in the mouth, the following testing conﬁgura-
tions were adopted for the wear tests:(a) Ceramic-on-ceramic (COC). In this conﬁguration, a cera-
mic cusp slides on a ceramic ﬂat surface under applied
load.(b) Ceramic-on-enamel (COE) where a ceramic cusp slides on
an dental enamel ﬂat surface under applied load.(c) Enamel-on-ceramic (EOC) where a dental enamel cusp
slides on a ceramic ﬂat surface under applied load.The above testing conﬁgurations allow simulation of the
oral condition where two LGC dental crowns are in contact
sliding or when one LGC dental crown opposes tooth enamel.
Reciprocating wear tests were carried out on a tribometer
with a reciprocating module (CSEM, Peseux, Switzerland) for
2250 cycles (approximately 33 min) with a cusp sliding against
a ﬂat-surface sample with a stroke of 2 mm. In the test setup, a
perspex pin with a cusp attached was mounted on a cylindrical
stainless steel holder which was held on the tribometer arm.
The perspex pin with ﬂat specimen adhered to it was mounted
on a cubic stainless steel holder which was held in a vice on
the reciprocating module. Thus the cusp pin holder and the ﬂat
specimen reciprocated against each other during a test.
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applied. The linear speed varied sinusoidally during the stroke
and the overall frequency was 66 cycle/min. Distilled water3 at
pH 7 and 37 1C was used as the lubricant, which was guided to
the wear area by a hypodermic needle. A ﬂow rate of 90 ml/h
was set using an infusion pump (Imed Gemini PC-1, Alaris,
San Diego, USA) and the lubricant was not recycled. The
coefﬁcient of friction was continuously monitored during
the test.
The contact area of a cusp before and after a wear test was
measured from optical microscope images (Nikon Eclipse
ME600L, Japan). The volume lost due to wear on the ﬂat-
surface samples was determined by measuring the depth and
area of the wear scar. The area of the wear scar was measured
from optical microscope images. The depth of the wear scar
was measured by a proﬁlometer (Surftest SV-600, Mitutoyo
Corporation, Tokyo, Japan) with a diamond stylus (tip radius
of 5 mm) operating at a velocity of 0.1 mm/s. The wear scar
depth proﬁles were obtained perpendicular to the sliding
direction and ﬁve measurements were made for each wear scar.
In order to assess the variability of the measured parameters,
repeated tests were made under selected conditions. To keep
the experiments to manageable number, only the ﬂat surface
specimens in COC conﬁguration had varying surface rough-
ness (Table 1). All other ﬂat surface specimens used in EOC
and COE tests and all LGC/enamel cusps had polished contact
surfaces.2.3. Nanoindentation
These experiments were performed using an instrumented
indentation system (Ultra Micro Indentation System, UMIS-
2000, CSIRO, Australia) with a Berkovich diamond tip.
Indentations were carried out on a ﬂat polished surface sample
(FSG-1, Table 1) and on a polished ﬂat surface generated on
an LGC spherical cusp specimen. Before the experiments, the
indenter area function was established by making over 150
indents on a fused silica sample under loads from 1 to 250 mN.
A perspex pin with a polished LGC sample was mounted on
a magnetic stainless steel holder. This holder was then securely
mounted on the UMIS test table, which contained a magnetic
stage. The area selected for the indentations was at least
300 mm away from the edge of the specimen surface. That
way, it was expected to indent the sound LGC material
avoiding any surface abnormalities.
The maximum indentation loads selected were 10, 50 and
200 mN with the spacing between indentations of 50 mm (for
10 and 50 mN loads) and 70 mm (for 200 mN load). Three2The corresponding contact pressures under these loads are in the range
10–50 MPa which are comparable to that reported for the natural dentition [11].
3In our previous investigations of wear mechanisms involving enamel-on-
enamel sliding contact [8,9], distilled water lubricant was used following
previous researchers (e.g., Kaidonis et al. [26]). We have also used distilled
water lubricant in the present study to enable direct comparison of the wear
behaviours, in particular, enamel-on-ceramic and ceramic-on-enamel sliding
contact with that of enamel-on-enamel sliding contact observed in our previous
studies.locations on the ﬂat surface sample and one location on the
ﬂattened spherical LGC specimen were chosen for indentation.
At each location, 10 indentations under each of the above
loads were performed. Since the depth of indentation is
directly inﬂuenced by the force, it was expected that the
selected force range will also enable the assessment of
variations of hardness and elastic modulus over a depth range
below the LGC surface. For each indentation test, 20 loading/
unloading steps were used. Additionally, a hold time of 0.1 s
was speciﬁed between each loading step. The indentation
loading rate was 150 nm/s which is the maximum for the
instrument.
Following an indentation test, the hardness (H) and the
reduced elastic modulus (En) were calculated as proposed by
Oliver and Pharr [12].
The LGC and enamel samples following wear testing and/or
nanoindentation were then analysed using FIB/SEM and TEM
techniques discussed below.
2.4. FIB/SEM, TEM, EDX
The wear scar on the selected ﬂat surface LGC/enamel
specimens was analysed using electron microscopy techniques
scanning electron microscopy, transmission electron micro-
scopy, focussed ion beam milling and energy dispersive X-ray
analysis (SEM/TEM/FIB/EDX). To start, a thin gold coating
(50 nm thickness) was applied on the wear surface approxi-
mately 15 min before the start of the FIB/SEM and TEM
analyses to protect it from gallium ion beam damage and to
minimize charge build-up.
The contact surfaces of the selected cusp specimens were
analysed following wear tests using EDX. No coating was
applied on these surfaces prior to EDX analysis.
2.4.1. FIB/SEM
Subsurface sectioning and imaging of the sample surface
were performed using a dual electron beam/FIB system (Nova
Nanolab 200, FEI Company, Hillsboro OR, USA). Sections
for SEM imaging were prepared perpendicular to the wear
surface (which for enamel samples was approximately parallel
to the direction of enamel rods). At the start, a layer of
platinum 1 mm thick was deposited on to the area of interest
to further protect the surface from ion-beam damage during the
milling process. During FIB sectioning, a high current 5000–
7000 pA gallium ion beam was ﬁrst used to mill the specimen
surface and create a wedge-like trench 5 mm long and 15 mm
wide, with a maximum depth of 5 mm. The resultant ‘rough’
subsurface proﬁle was then cleaned and polished at reduced
currents (1000 pA and 300 pA, respectively) to remove any
deposited particles and to obtain a smooth surface for
observation and imaging.
Both electron and ion beams were used for imaging. While
SEM produced clear images on enamel, it was less desirable
for the LGC material due to charging. Hence, an ion beam (at
100 pA current) was used for imaging the LGC subsurface.
The chemical analysis of a selected area of the cusp contact
surface following a wear test was obtained using an EDX
Fig. 1. Measured wear volume versus contact pressure.
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TM3000, Hitachi High-Tech, Tokyo, Japan).
2.4.2. TEM
TEM foils preparation was also carried out using the above
dual electron/FIB system. Foils were prepared from the wear
surface of both LGC and enamel specimens perpendicular to
the sliding direction. Additionally, foils were also made on the
ground and polished specimen surfaces, away from the wear
scar for comparison.
The TEM foil preparation procedure again started with the
deposition of a 1 mm thick platinum layer on the area of
interest. A ‘rough’ mill was then performed with a high current
(7000 pA) during which trenches were cut on both sides of
platinum strip to obtain a section 3 mm thick. A number of
‘ﬁne’ mills were then performed at a reduced current
(1000 pA) and the section thinned down to 1 mm. In
order to isolate the specimen, its bottom and parts of left and
right edges were cut free at a 71 tilt. Final mills were carried
out at further reduced currents (100–300 pA), reducing the
thickness of the section down to 100 nm. Then one side of
the electron transparent foil was cut free. A micro-
manipulation lift-out procedure was then used to transport
the foil to a carbon-coated copper grid for subsequent TEM
observations which were made using a ﬁeld emission transmis-
sion electron microscope (FEI Philips CM200). This equip-
ment also had an EDX spectroscopy system interfaced to it
which allowed chemical analysis of a selected area of the foil.
3. Results
In this section, measured wear volume for LGC and enamel
ﬂat surface specimens (Table 1) following in vitro reciprocat-
ing wear tests are ﬁrst discussed. Selected representative
images of LGC/enamel wear scar surface and subsurface
proﬁles obtained using SEM and FIB/SEM are presented.
Representative EDX element maps of wear surfaces of cusp
specimens and TEM images of wear scar subsurface sections
for these materials are then discussed. Finally the hardness and
reduced elastic modulus values determined from the nanoin-
dentation load – displacement curves will be discussed.
3.1. Wear volume
The measured wear volumes following 2250 reciprocating
cycles for enamel and LGC specimens (the latter with varying
surface roughness, Table 1) are shown in Fig. 1. It was noted
that the measured contact areas of some the cusps before and
after a wear test were considerably different in that the latter
had increased due to wear. To account for this variation,
average contact pressure was used for the horizontal axis in
Fig. 1.
In spite of the scatter, which is often associated with
experimental wear measurements [13], the measured wear
volume for all LGC specimens (opposed either by LGC or
enamel cusp) generally follow a single curve, which can be
represented by a power function type relation (the regressioncurve in Fig. 1 has a correlation coefﬁcient greater than 0.9).
Lack of a clear relation between different surface preparations
(Table 1) indicates a negligible inﬂuence of ﬂat surface
specimen roughness on measured steady state wear rate.
However, the corresponding wear results for enamel ﬂat
surfaces which were opposed by the LGC cusp show a higher
wear rate (Fig. 1, arrow heads).
The average coefﬁcient of friction values (only the steady
state values are presented and not the initial ‘run-in’ stage
where friction increased rapidly) were in the range 0.21–0.25
for all tested ﬂat surface and cusp combinations. These values
did not show any signiﬁcant variation depending on the LGC
and enamel cusp – ﬂat surface pair or surface roughness.
3.2. Wear surface topography (SEM)
Fig. 2 shows SEM images of wear surfaces obtained in COC
(a) and (b), EOC (c) and COE (d) test conﬁgurations under
10 N load. Mostly oriented grooves parallel to the sliding
direction were observed on LGC wear surfaces, under both
COC and EOC test conﬁgurations (Fig. 2(a) and (c)). These
oriented grooves presumably indicate a dominant abrasive
wear mechanism. However, localized wear with a rough
surface and cracks (Fig. 2(b), arrowed) was also observed,
but only under 10 N load and COC conﬁguration which seems
to indicate localized delamination wear.
The enamel wear surfaces under COE conﬁguration
revealed agglomerated wear particles, surface cracks and a
few wear grooves formed parallel to the sliding direction
(Fig. 2(d)). Such topography indicates delamination as the
dominant wear mechanism. Wear surface topography, similar
to that shown in Fig. 2(a), (c) and (d), was also observed under
5 N and 2 N loads.
3.3. FIB/SEM
Subsurface proﬁles were made on the ﬂat surface LGC and
enamel specimens on and outside the wear scar. The subsur-
face images of LGC and enamel outside the wear scar
Fig. 2. Wear surface topography under 10 N load: (a) LGC wear scar with oriented grooves (COC conﬁguration); (b) LGC wear scar with possible localized
delamination (COC conﬁguration); (c) LGC wear scar with oriented grooves (EOC conﬁguration) and (d) enamel wear scar with possible delamination (COE
conﬁguration). Double-ended arrow indicates the sliding direction.
Fig. 3. Wear scar subsurface section under 10 N load: (a) LGC (COC conﬁguration) and (b) enamel (COE conﬁguration).
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Moreover, these images for LGC made on the wear scar where
only oriented surface grooves were noted also did not reveal
any subsurface cracks but only a rough wear surface.
A subsurface proﬁle of the wear scar on a ﬂat surface
ceramic specimen (COC conﬁguration) from the region where
surface cracks (possible delamination wear (Fig. 2(b))) are
observed is shown in Fig. 3(a). A similar proﬁle for enamel
(COE conﬁguration) is shown in Fig. 3(b). In both cases,
relatively larger subsurface cracks can be seen (arrowed).These cracks have opened up, possibly due to the repeated
sliding of the cusp and relatively higher tensile stress close to
the surface. These relatively large subsurface cracks are likely
to generate large wear particles from delamination which will
result in a high wear rate.
3.4. EDX analysis of cusp
The EDX element maps of the contact surfaces of enamel
and ceramic cusps following wear testing in EOC and COE
Fig. 4. EDX element maps for the contact surface of cusps following wear testing in two different conﬁgurations: (a) enamel cusp in EOC conﬁguration and (b)
ceramic cusp in COE conﬁguration. (For interpretation of the references to color in this ﬁgure, the reader is referred to the web version of this article.)
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shows the element map of the contacting surface of an enamel
cusp which slid on the LGC ﬂat surface. The blue/green areas
indicate dental enamel, which is made of hydroxyapatite
containing Ca and P. The red areas (arrowed) show Al and
Si transferred from the LGC material. Fig. 4(b) shows the
element map of the contacting surface of an LGC cusp which
slid on an enamel ﬂat surface. The red areas show glass-
ceramic designated by Si and Al. The blue/green regions
(arrowed) indicate the deposited enamel particles following
wear testing. These element maps reveal that, while a relatively
large amount of LGC wear particles was transferred to the
enamel cusp (Fig. 4(a), arrowed), only a small amount of
enamel particles was transferred to the ceramic cusp surface
(Fig. 4(b), arrowed). The reasons for these differences and
their implications on the wear mechanism and wear surface
topography will be discussed in Section 4.1.3.5. TEM
The bright ﬁeld TEM image in Fig. 5(a) was obtained from
a foil made from the wear scar of a ceramic specimen used in a
wear test with COC conﬁguration. The foil was made from a
region that had only surface wear grooves without any surface
cracks or accumulated wear particles. In this ﬁgure, the
selected area electron diffraction (SAED) image at A (inset)
conﬁrms the crystalline structure of a ceramic crystal while
that at B shows amorphous structure of the glassy matrix of the
LGC material (inset B). The striations associated with the
crystal4 are likely to be due to the formation of an initial
dendritic tetragonal structure [14].
The wear surface in Fig. 5(a) seems relatively smooth; no
subsurface cracks can be noted. A high magniﬁcation image of
this wear surface is shown in Fig. 5(b). There are concave
surface depressions (arrowed) which indicate micro-/nano-
meter scale wear particle formation associated with lateral
crack extension (abrasion). Such surface depressions were4Crystals with and without striations were observed in the LGC micro-
structure. EDX element maps and line scans revealed higher Al content in
these leucite crystals (compared to the surrounding glassy matrix). They were
approximately spherical in shape with diameters in the range 400–2000 nm.typical of the grooved LGC wear surface and were observed
under all three contact loads and under both COC and EOC
testing conﬁgurations.
A high-magniﬁcation TEM image of the ground/polished
LGC specimen surface (from FSG-4 in Table 1), from a
location well away from the wear scar, is shown in Fig. 5(c). It
can be seen that the polished surface (which was prepared by
grinding with SiC abrasives (5 μm particle size for the ﬁnal
stage of grinding) and by polishing with 1 μm diamond
suspension) also contains concave surface depressions
(arrowed), similar to those observed on the wear surface
(Fig. 5(b)) discussed above. These TEM results indicate that
the dominant wear mechanisms for the LGC material during
sliding contact (in a wear test) and grinding/polishing (during
specimen preparation) are similar.
The bright ﬁeld TEM images in Fig. 5(d) and (e) were
obtained from a foil made on the wear scar of an LGC
specimen in a region that indicated localized delamination
wear, e.g., surface cracks and relatively large wear particles on
the surface (Fig. 2(b)). In this region of the wear scar, the wear
surface is rough due to the removal of relatively large wear
particles.
Fig. 5(d) shows subsurface cracks near the sliding surface.
These cracks have opened up (arrowed) due to repeated
loading/unloading by the sliding cusp and the higher tensile
stress closer to the surface compared to regions well below the
surface. These relatively large cracks are likely to generate
large wear particles, resulting in delamination wear.
Fig. 5(e) reveals formation of a crack along the ceramic–
glass interface (at A) and an intragranular crack continuing into
the surrounding glass matrix or alternatively a crack formed in
the glass continuing right through a ceramic grain (at B).
Additionally, fracture of leucite crystals accompanying crack
deﬂection (at C) will result in greater fracture toughness [15] of
the LGC material which in turn can reduce delamination wear.
No such subsurface cracks were observed in TEM images
obtained using foils made on polished LGC surface from
locations well away from the wear scar (e.g., Fig. 5(c)).
The bright ﬁeld TEM image in Fig. 5(f) was obtained from a
foil made on the wear scar of a dental enamel specimen used in
a wear test with COE conﬁguration. The rough wear surface
and subsurface cracks closer to the surface (arrowed) are clear
Fig. 5. TEM analysis of wear scar subsurface: (a) wear surface and subsurface of LGC specimen following a wear test; (b) a magniﬁed image of LGC wear surface;
(c) a magniﬁed image of LGC ground/polished surface; (d) opened-up subsurface cracks in LGC; (e) crack propagation in LGC subsurface and (f) wear scar surface
and subsurface of enamel following wear testing; (g) enamel surface and subsurface outside the wear scar.
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Fig. 6. Nanoindentation hardness and Young's modulus versus contact load.
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such rough surface or subsurface cracks were observed in
TEM images (Fig. 5(g)) obtained using foils made on the
enamel surface from locations well away from the wear scar.
Compared to an enamel-on-enamel wear conﬁguration [9], less
wear particles are noted on the surface in Fig. 5(f). This can be
attributed to more efﬁcient removal of the wear particles by the
glass-ceramic cusp in the ceramic on enamel conﬁguration.
3.6. Nanoindentation
The obtained nanoindentation H and En results did not show
a signiﬁcant variability from location to location across a
specimen or between (ﬂat surface and cusp) specimens.
However, they showed a considerable variation with indenta-
tion load. Hence the variations of H and E (for all locations in
both specimens) against contact load are plotted in Fig. 6. It
shows decreases in both H and E with increase in indentation
load – the so-called indentation size effect (ISE), which has
been reported for metals [16], ceramics [17], glass-ceramics
[18] and polymer inﬁltrated porous ceramic [19].
Under 10 mN load, the measured H and En for LGC was
9.370.6 GPa and 6672 GPa, respectively, while these
values for human dental enamel were 5.870.6 GPa and
93710 GPa, respectively [20,21]. The above nanoindentation
H and En results show that the tested LGC material is
considerably harder but less stiff than human dental enamel.
4. Discussion
4.1. Wear mechanisms
Human dental enamel is considered to be highly wear
resistant despite complex and changing oral conditions [1].
Accordingly, an ideal restorative material is expected to
possess a tribological behaviour similar to that of enamel
which will then minimize the potential for increased wear to
alter the vertical dimension of occlusion and reduced strength
of teeth/restorations and increased plaque accumulation [7,22].
The IPS-Empress LGC dental material tested in the presentstudy has been used widely for crowns, veneers, inlays and
onlays [23]. An evaluation of 9 clinical trials revealed survival
of 91% at 7 years for inlays and onlays, and 92% at 3.5 years
for crowns, with most failures attributed to bulk fracture [24].
The LGC specimens used in the present study were made
using ingots which are compacts of leucite and glass (SiO2–
Al2O3–K2O) powder [14]. In this material, the nucleation and
subsequent crystallization processes begin at the glass grain
surface (surface crystallization) and advance into the grains
during the sintering process. The initial dendritic tetragonal
leucite crystals are disordered but in pressed IPS Empress,
formation of single crystals is typical [23]. This reported
microstructure of the LGC material is consistent with that
observed during the present study.
As discussed in Section 3, the present SEM analysis of LGC
wear surfaces mostly revealed oriented (parallel) grooves. FIB/
SEM and TEM analyses in these regions did not reveal any
subsurface cracks. Moreover, TEM analysis revealed micro-/
nano-metre scale concave depressions on the wear surface
which are due to the wear particle formation by lateral crack
formation/extension as leucite ceramic crystals (hard asperi-
ties) on the cusp surface slid on the wearing ﬂat surface under
load [7]. Similar concave depressions were also observed on
TEM foils made radially on the ground and on polished ﬂat
surface of LGC specimens. It can be seen that the abrasive
wear mechanism observed on ground/polished LGC specimen
surfaces is similar to that observed on LGC wear surfaces
following in vitro tests.
It should be noted that, in the wear testing conﬁguration
selected for the present study, a cusp of approximately 0.5 mm
diameter slid on a ﬂat surface specimen. The sliding distance
was 2 mm. The spherical leucite ceramic crystals in the LGC
cusp surface are most likely to act as asperities which caused
abrasive wear. While these crystals are present in both cusp
and ﬂat surface specimens, those on the sliding cusp surface
are likely to wear less than those on the contact surface of the
ﬂat surface specimen. This is because the crystals on the cusp
surface are in continuous contact with the ﬂat surface and
hence will not subject to a ﬂuctuating or cyclic stress. On the
other hand, crystals on the contacting ﬂat surface specimen are
likely to wear out more since their asperities are subjected to
cyclic loading which includes a peak force and complete
unloading. Lateral crack extension in brittle materials is known
to occur during unloading [25].
Interestingly, an identical abrasive wear mechanism was
identiﬁed on the LGC specimens opposed either by LGC cusp
or by enamel cusp. The EDX analysis (Section 3.4) of the
contacting surface of LGC cusp (in COE conﬁguration) and
that of enamel cusp (in EOC conﬁguration) revealed that while
a relatively large amount of LGC wear particles was trans-
ferred to the enamel cusp surface, only a small amount of
enamel particles was transferred to the ceramic cusp surface.
This difference can be attributed to the higher hardness of
glass-ceramic particles (9.370.6 GPa at 10 mN indentation
load) compared to enamel (5.870.6 GPa, under same load)
which will cause glass-ceramic particles to press into the
enamel surface. However, the generated enamel wear particles
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hardness. Most of these enamel particles appear to be washed
away by the liquid lubricant except for those in the wear
grooves. While these loose enamel particles can act as a solid
lubricant [26], their inﬂuence is negligible due to the very
small amount of particles retained. On the other hand, LGC
particles/crystals which were pressed into the enamel cusp
surface acted as hard asperities and caused abrasive wear of the
opposing LGC surface. Thus both in EOC and in COC
conﬁgurations, similar wear surface topography, i.e., oriented
grooves, were observed.
The oriented abrasive wear observed on LGC ﬂat surfaces
(as opposed to LGC or enamel cusp) has been associated with
coarse grained LGC materials, e.g., crystals with an average
size of 2.5 μm2 produced such oriented abrasion while ﬁner
crystals, e.g., 0.055 and 0.185 μm2, did not [27]. In line with
these reported results, the TEM and EDX analyses of the
present study revealed larger spherical crystals (up to 3.1 μm2
which corresponds to crystals with diameter 2000 nm as noted
in Section 3.5) in the tested LGC material's microstructure.
In COC sliding contact, the dominant wear mechanism was
abrasion, in particular at contact loads of 2 and 5 N. No
delamination wear was observed under these loads. Under
10 N load, although the dominant wear mechanism was
abrasion, some localized delamination was also observed
(Sections 3.3 and 3.5). Localized delamination resulted in the
formation of subsurface cracks, which were a few micrometers
long. Some cracks propagated through the ceramic crystals and
some others propagated along the crystal/glass matrix bound-
ary. Moreover, crack deﬂection within leucite crystals was also
noted. These results revealed that under severe contact (e.g.,
high loads) delamination of LGC material can occur.
For the COE conﬁguration, the presented FIB/SEM and
TEM results showed clear surface and subsurface crack
formation in enamel, indicating delamination as the dominant
wear mechanism. While some parts of the enamel surface seem
to retain the resulting wear particles, in other regions, these
particles were removed by the glass-ceramic cusp.
The results of the present experiments also revealed that the
tested LGC material wore out mainly due to abrasion while
dental enamel wore due to delamination. Thus under given
sliding conditions, enamel is more likely to wear by delamina-
tion compared to the LGC material. Possible reasons for
this difference in the dominant wear mechanism are now
considered.
The fracture toughness of a brittle material will inﬂuence
crack propagation during sliding contact and hence delamina-
tion wear [28,29]. Fracture toughness of human enamel is in
the range 0.44–1.55 MPa√m [8], while that of the tested LGC
material is in the range 1.16–1.5 MPa√m [30]. These results
show that the fracture toughness of the two materials is similar.
However, as discussed in Section 3.6, the elastic modulus of
enamel (93710 GPa) is considerably higher than that of the
LGC material (6672 GPa). Since the magnitude of Hertzian
stresses depends on the elastic modulus, a higher elastic
modulus will increase the onset of delamination wear in
enamel [28]. Moreover, more subsurface pores/irregularitieswere observed in the enamel microstructure [9] compared to
observations in the LGC microstructure. In brittle materials,
these pores act as sites for crack initiation and can assist in
crack propagation [31,32]. Thus observed higher wear rate of
enamel compared to LGC (Fig. 1) can be attributed to enamel's
greater tendency to wear by delamination due to its higher
elastic modulus and microstructure pores/irregularities.
It is therefore clear that during ceramic-enamel contact
sliding, micro-abrasion is the dominant wear mechanism for
the LGC material. However, on enamel, delamination is the
dominant mechanism. The attached LGC particles on enamel
surfaces, although they may offer some protection against
abrasion, are not able to protect the surface against delamina-
tion since, with delamination, subsurface cracks cause the
removal of ﬂake-shaped wear debris. Compared to abrasion,
delamination is known to accelerate wear [9,29] which was
also conﬁrmed by the present experimental results (e.g.,
Fig. 1). This explains the widely reported excessive enamel
wear by the opposing dental ceramic [5,6] and in particular,
Kramer et al. [4], who, following an eight-year in vivo study,
reported that both LGC and opposing enamel wore at higher
rates with enamel wear exceeding LGC wear.
In the present study, COC wear tests with LGC ﬂat surface
specimens with varying roughness (Table 1) were carried out.
The LGC cusps used had polished contacting surfaces. As
noted in Section 3.1, the variation in the ﬂat surface roughness
neither caused any noticeable variation in measured μ nor
caused measured wear rate. However, there is some evidence
that the roughness of a cusp sliding on enamel can inﬂuence
the coefﬁcient of friction. For example, the results of Wang
et al. [33] show that when a ﬂat enamel surface was opposed
by a zirconia ball, polished surface recorded a lower coefﬁcient
of friction than that for a sintered rough surface.
From the results of the present study discussed above, it is
clear that abrasion is the dominant wear mechanism for the
LGC material, whether it is opposed by LGC or enamel. In the
following section, an attempt will be made to apply a
predictive wear model to this LGC dental material.4.2. Modeling
Evans and Marshall [34] presented that, for a brittle material
in sliding contact, material removal by abrasion can occur due
to the extension of lateral cracks resulting from residual stress
generated by sliding asperities. The normal force on these
asperities is assumed to exceed a fracture threshold force and
the depth of lateral fracture is estimated by the radius of the
plastic contact zone. Under these conditions, wear due to
lateral crack extension is given by [34]
V ¼ α1
P9=8l E=H
 4=5
KIC1=2H5=8
ð1Þ
where V is the wear volume, α1 is a material independent
constant, P is normal load, l is sliding distance and, E, H and
KIC are material's elastic modulus, hardness and fracture
toughness, respectively. The above model was shown to be
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ceramic materials and for the abrasive machining process of
grinding.
As discussed in Section 3.5 of this paper, the present TEM
analysis revealed that the considered LGC dental material wore
due to the formation and extension of lateral cracks due to
sliding contact. Moreover, ceramic crystals in the glass matrix
seem to subsequently act as asperities [7]. For this LGC
material, for a given sliding distance, Eq. (1) can be simpliﬁed
to obtain the relation between wear volume and contact
pressure, p, as
V ¼ α2p9=8 ð2Þ
where the constant α2 accounts for the constant α1 in Eq. (1)
and the mechanical properties E, H and KIC. Moore and King
[35] also reported an empirical relation similar to Eq. (2) which
was obtained from their experiments in a pin-on-disc conﬁg-
uration for a wide range of brittle materials including alumina,
silicon nitride, a glass-ceramic and soda-lime glass. The
reported values for the exponent of p were in the range
0.61–1.04.
In the present study, considering that local delamination
wear was observed under some of the higher loads used, and
no such delamination was observed under lower loads, the
dominant wear mechanism under the corresponding lower
pressures (arrowed in Fig. 1) was assumed to be abrasion due
only to lateral crack formation/extension. For the conditions
used in the present work, the constant α2 was determined so
that the curve representing Eq. (2) will pass through the mid-
point of the wear data corresponding to the lowest pressures.
Thus the ﬁnal equation for the Evans and Marshall [34] wear
model is
V ¼ 9:83 104p9=8 ð3Þ
For the present conditions, the relation between V and p as
given by Eq. (3) is represented by line 1 in Fig. 7 in which the
symbols represent the experimental wear results obtained for
the LGC material.Fig. 7. Comparison of Archard and Evans–Marshall wear models with
experimental results for LGC material.Another widely used equation to represent the sliding wear
data is the Archard wear equation [36]. Lewis and Dwyer-
Joyce [37] applied this equation for enamel. The Archard
equation is useful to describe the severity of wear via the
Archard wear coefﬁcient. However, it does not reveal the
dominant wear mechanism. For the LGC dental material
considered in the present study, the Archard wear equation
can be written as
V ¼ α3p ð4Þ
where the constant α3 accounts for the Archard wear coefﬁ-
cient, contact area, sliding distance and material hardness. For
the conditions used in the present work, the constant α3 was
determined using the same method used for α2 as described
above. The ﬁnal form of Eq. (4) is
V ¼ 1:25 103p ð5Þ
The relation between V and p as given by Eq. (5) is
represented by line 2 in Fig. 7. The curve of best ﬁt (regression
curve) for the experimental wear data is represented by curve 3
with the corresponding equation:
V ¼ 4:40 104p1:5645 ð6Þ
Note that the R2 value for curve 3 is 0.9339 which is close to unity,
indicating the very good quality of the ﬁt. When determining the
curve of best ﬁt (curve 3) and Eq. (6), all the wear results for LGC
(ﬂat surface specimens) were considered since abrasion was found
to be the dominant mechanism. However, the enamel wear results
(in Fig. 1) were excluded since the dominant wear mechanism was
delamination.
From Fig. 7, it can be seen that both the Archard equation
(Eq. (5)) and the Evans–Marshall equation (Eq. (3)) under-
estimate the wear volume considerably, particularly, at high
contact pressures. However, the wear results (including those
for grinding) given by Evans and Marshall [34] seem to agree
well with their predictions. One possible reason for this
discrepancy is that their experimental results were obtained
from unidirectional wear tests whereas the present results were
obtained from reciprocating (bidirectional) wear tests. A study
that compared unidirectional and bidirectional wear behaviour
has reported greater wear during bidirectional sliding [38]
which is attributed by the authors to the greater amount of
wear debris accumulated at the sliding interface in the latter
sliding mode and also to cyclic fatigue processes.
Additionally, in the reciprocating mode, sliding speed varies
between a minimum (which is zero) and a maximum value during
each cycle and that the roughness of contacting surfaces changes
with the progress in wear. Hence factors such as the variations of
the static and kinetic coefﬁcients of friction values with surface
roughness and sliding speed can also contribute to the above
discrepancy. For example, variations in roughness of self-mating
alumina surfaces were found to inﬂuence the static and kinetic
coefﬁcients of friction values differently [39].
In the present study, the wear mechanism for the tested LGC
material (whether it was opposed by LGC or enamel) was
found to be abrasion due to lateral crack extension. However,
the measured wear rate was much higher than that reported in
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attributed to reciprocating sliding and possible variations in
the static/kinetic coefﬁcient of friction values with surface
roughness, etc. Moreover, local delamination wear was noted
under higher contact loads considered. All these factors will
result in high wear of LGC material, which is in-line with a
recent eight-year in vivo study [4] which reported high
LGC wear.
The present study has shown that, for enamel (in ceramic-
on-enamel conﬁguration), the dominant wear mechanism is
delamination. This is revealed by a rough enamel wear surface
with cracks and agglomerated wear particles and subsurface
cracks following SEM, FIB/SEM and TEM analyses. A
dominant delamination wear mechanism was also reported in
enamel-on-enamel wear tests carried out by the present authors
[8,9] under contact loads and test conﬁgurations similar to
those used in the present study. Interestingly, Zheng and Zhou
[40] also reported delamination wear of enamel when opposed
by titanium alloy ball. It should be noted that, for the loads and
test conﬁgurations used in the above studies, contact was
nominally elastic.
It was also noted that some researchers have investigated the
tribological behaviour of enamel at micro/nano-scale using a
scratch tester, e.g., Zheng et al. [41] have used a diamond indenter
with 2 mm radius under loads in the range 5–100 mN. They
observed signiﬁcant plastic deformation of enamel and no
delamination wear even under high loads used. It should be noted
that, under 5 and 100 mN loads, the corresponding average contact
pressure values (from the Hertz contact theory) are 8660 and
23,500 MPa, respectively, which are much higher than the yield
stress of enamel (330 MPa [8]). Under such contact conditions,
enamel's microstructure appears to play a signiﬁcant role in its
tribological behaviour, which also seems considerably different
from that observed in tests where contact was nominally elastic.
The present in vitro study investigated in-depth the wear
mechanisms involved in enamel–ceramic and ceramic–ceramic
sliding contact using analytical, electron microscopy and nanoin-
dentation techniques. It has revealed the dominant wear mechan-
isms involved. The testing conﬁguration and parameters were
selected so that the experiments closely simulated the oral
environment. Moreover, the approach adopted allowed minimiza-
tion of between teeth and individual differences in samples (due to
the use of singe molar tooth from an individual) and to carry out an
in-depth investigation for the identiﬁcation of the wear mechanisms
which was the main focus of the study, rather than attempt to
present general ﬁndings for the wear of LGC/enamel per se. There
are nevertheless some constraints pertinent to the approach: use of
single tooth restricts the consideration of interpersonal enamel
property variation of a large group of individuals; in vitro
environment compared to the general complexity of the oral
environment consisting of ﬂuids with changing composition and
pH, and cyclic loads and thermal conditions.
5. Conclusions
The results presented in this paper show the dominant wear
mechanisms in ceramic–ceramic and ceramic-enamel slidingcontact in vitro. Based on the wear of a popular LGC material
investigated in the present work, the following conclusions can
be drawn:(1) When an LGC or enamel cusp slides on an LGC ﬂat
surface under load, the wear mechanism is abrasion due to
lateral crack extension. For an LGC cusp, leucite crystals
act as hard asperities. For an enamel cusp, LGC wear
particles pressed into enamel surface act as the asperities.(2) In COC conﬁguration, when a polished LGC cusp opposes
an LGC specimen, the roughness of the ﬂat surface
inﬂuences neither the coefﬁcient of friction nor the
wear rate.(3) The wear rate for the LGC can be represented by a power
function type equation, similar to that reported for uni-
directional sliding (or grinding) involving abrasive wear of
ceramics and glasses. The measured wear rate for the
LGC material under reciprocating sliding in the present
work was found to be higher than that reported for the
unidirectional case.(4) The dominant mechanism for the wear of enamel surfaces
opposed by LGC cusp was delamination.(5) Under given sliding conditions, enamel is more susceptible
to delamination wear than the LGC material. This is
attributable to enamel's higher elastic modulus and micro-
structure pores/irregularities.Acknowledgments
The authors wish to thank Mr. Doug Stuart and Ivoclar
Vivadent for providing the IPS Empress samples for the tests.
They also wish to thank Professor M. Hoffmann for useful
discussions, the anonymous tooth donor and Mrs. D. Rose,
Mrs. F. Westlake and Dr. R. Vickers (The University of
Sydney) for their support in undertaking this research. The
authors gratefully acknowledge the assistance of Dr. C. Kong
and Mr. S. Lim during FIB/TEM investigations and access to
the UNSW node of the Australian Microscopy & Microana-
lysis Research Facility (AMMRF).
References
[1] Z.R. Zhou, J. Zheng, Tribology of dental materials: a review, J. Phys. D:
Appl. Phys. 41 (2008) 113001 (22pp).
[2] R. Hickel, Trends in materials science from the point of view of a
practising dentist, J. Eur. Ceram. Soc. 29 (2009) 1283–1289.
[3] P. Milleding, C. Haraldsson, S. Karlsson, Ion leaching from dental
ceramics during static in vitro corrosion testing, J. Biomed. Mater. Res.
61 (2002) 541–550.
[4] N. Kramer, K.H. Kunzelmann, M. Taschner, et al., J. Dent. Res. 85
(2006) 1097–1100.
[5] M.K. Etman, M. Woolford, S. Dunne, Quantitative measurement of tooth
and ceramic wear: in vivo study, Int. J. Prosthodont. 21 (3) (2008)
245–252.
[6] G. Mitov, S.D. Heintze, S. Walz, K. Woll, F. Muecklich, P. Pospiech,
Wear behaviour of dental Y-TZP ceramic against natural enamel after
different ﬁnishing procedures, Dent. Mater. 28 (2012) 909–918.
J.A. Arsecularatne et al. / Biosurface and Biotribology 1 (2015) 50–61 61[7] W.S. Oh, R. DeLong, K. Anusavice, Factors affecting enamel and
ceramic wear: a literature review, J. Prosthet. Dent. 87 (2002) 451–459.
[8] J.A. Arsecularatne, M. Hoffman, On the wear mechanism of human
dental enamel, J. Mech. Behav. Biomed. Mater. 3 (2010) 347–356.
[9] J.A. Arsecularatne, M. Hoffman, Ceramic-like wear behaviour of human
dental enamel, J. Mech. Behav. Biomed. Mater. 8 (2012) 47–57.
[10] W.H. Douglas, R.L. Sakaguchi, R. DeLong, Frictional effects between
natural teeth in an artiﬁcial mouth, Dent. Mater. 1 (1985) 115–119.
[11] L. He, Mechanical Behaviour of Human Enamel and the Relationship to
its Structural and Compositional Characteristics (Ph.D. thesis), The
University of Sydney, Sydney, Australia, 2008.
[12] W.C. Oliver, G.M. Pharr, An improved technique for determining
hardness and elastic modulus using load and displacement sensing
indentation experiments, J. Mater. Res. 7 (1992) 1564–1583.
[13] A. Ramalho, A reliability model for friction and wear experimental data,
Wear 269 (2010) 213–223.
[14] W. Holand, V. Rheinberger, E. Apel, C. van’t Hoen, Principles and
phenomena of bioengineering with glass-ceramics for dental restoration,
J. Eur. Ceram. Soc. 27 (2007) 1521–1526.
[15] K.T. Faber, A.G. Evans, Crack deﬂection process – I. Theory, Acta
Metall. 31 (4) (1983) 565–576.
[16] W.D. Nix, H.J. Gao, Indentation size effect in crystalline materials: a law
for strain gradient plasticity, J. Mech. Phys. Solids 46 (3) (1998)
411–425.
[17] S.J. Bull, T.F. Page, E.H. Yoffe, An explanation of the indentation size
effect in ceramics, Philos. Mag. Lett. 59 (6) (1989) 281–288.
[18] Daguano JKMF, P.A. Suzuki, K. Strecker, Fernandes MHFV, C. Santos,
Evaluation of the micro-hardness and fracture toughness of amorphous
and partially crystallized 3CaO.P2O5–SiO2–MgO bioglasses, Mater. Sci.
Eng. A A533 (2012) 26–32.
[19] L. He, M. Swain, A novel polymer inﬁltrated ceramic dental material,
Dent. Mater. 27 (2011) 527–534.
[20] J.A. Arsecularatne, M. Hoffman, An in vitro study of the microstructure,
composition and nanoindentation mechanical properties of remineralising
human dental enamel, J. Phys. D: Appl. Phys. 47 (2014) 315403 (13pp).
[21] L. Zheng, J. Zheng, L.Q. Weng, L.M. Qian, Z.R. Zhou, Effect of
remineralization on the nanomechanical properties and microtribological
behaviour of acid-eroded human tooth enamel, Wear 271 (2011)
2297–2304.
[22] A. Lee, M. Swain, L. He, K. Lyons, Wear behaviour of human enamel
against lithium disilicate glass ceramic and type III gold, J. Prosthet.
Dent. 112 (6) (2014) 1399–1405.
[23] W. Holand, M. Schweiger, M. Frank, V. Rheinberger, A comparison of
the microstructure and properties of the IPS Empress 2 and the IPS
Empress glass-ceramics, J. Biomed. Mater. Res. 53 (2000) 297–303.
[24] J.F. Brochu, O. El-Mowafy, Longivity and clinical performance of IPS-
Empress ceramic restorations – a literature review, J. Can. Dent. Assoc.
68 (4) (2002) 233–237.[25] D.B. Marshall, B.R. Lawn, A.G. Evans, Elastic/plastic indentation
damage in ceramics: the lateral crack system, J. Am. Ceram. Soc. 65
(11) (1982) 561–566.
[26] J.A. Kaidonis, L.C. Richards, G.C. Townsend, G.D. Tansley, Wear of
human enamel: a quantitative in vitro assessment, J. Dent. Res. 77 (1998)
1983–1990.
[27] A. Theocharopoulos, X.H. Chen, R. Hill, M.J. Cattell, Reduced wear of
enamel with novel ﬁne and nano-scale leucite glass-ceramics, J. Dent. 41
(2013) 561–568.
[28] R. Kossowsky, Surface Modiﬁcation Engineering, Volume I: Funda-
mental Aspects, CRC Press, Florida, USA, 1989.
[29] K. Adachi, K. Kato, N. Chen, Wear map of ceramics, Wear 203–204
(1997) 291–301.
[30] M. Albakry, M. Guazzato, M. Swain, Fracture toughness and hardness
evaluation of three pressable all-ceramic dental materials, J. Dent. 31 (3)
(2003) 181–188.
[31] B. Lawn, Fracture of Brittle Solids, 2nd edition, Cambridge University
Press, UK, 1993.
[32] J.A. Arsecularatne, M. Hoffman, K. O’Kelly, N. Payraudeau, FIB
tomographic analysis of subsurface indentation crack interactions with
pores in alumina, J. Am. Ceram. Soc. 94 (2011) 4017–4024.
[33] L. Wang, Y. Liu, W. Si, H. Feng, Y.Q. Tao, Z.Z. Ma, Friction and wear
behaviours of dental ceramics against natural tooth enamel, J. Eur.
Ceram. Soc. 32 (2012) 2599–2606.
[34] A.G. Evans, D.B. Marshall, Wear mechanisms in ceramics, in: D.
A. Rigney (Ed.), Fundamental of Friction and Wear of Materials,
ASM, Metals Park, OH, USA, 1981, pp. 439–452.
[35] M.A. Moore, F.S. King, Abrasive wear of brittle solids, Wear 60 (1980)
123–140.
[36] J.F. Archard, Contact and rubbing of ﬂat surfaces, J. Appl. Phys. 24
(1953) 981–988.
[37] R. Lewis, R.S. Dwyer-Joyce, Wear of human teeth: a tribological
perspective, Proc. Inst. Mech. Eng. Part J: J. Eng. Tribol. 219 (2005)
1–18.
[38] R. Ward, A comparison of reciprocating and continuous sliding wear,
Wear 15 (1970) 423–434.
[39] D.H. Hwang, K.H. Zum Gahr, Transition from static to kinetic friction of
unlubricated or oil lubricated steel/steel, steel/ceramic and ceramic/
ceramic parts, Wear 255 (2003) 365–375.
[40] J. Zheng, Z.R. Zhou, Study of in vitro wear of human tooth enamel,
Tribol. Lett. 26 (2007) 181–189.
[41] J. Zheng, Y. Li, M.Y. Shi, Y.F. Zhang, L.M. Qian, Z.R. Zhou,
Microtribological behaviour of human tooth enamel and artiﬁcial hydro-
xyapatite, Tribol. Int. 63 (2013) 177–185.
